The effects of changing loading conditions and inotropic state on maximum isotonic lengthening rate ( +dL/dt, muscle lengths/sec) were examined in isolated rat myocardium. Physiologically sequenced contractions were studied in 18 left ventricular papillary muscle preparations (stimulation rate, 12/min). To study the effects of changing loading conditions, only one loading variable (preload, total load, or late load) was changed during each contraction, while the others were held constant. To study the effects of isoproterenol (10~6 M) and temperature (28 vs. 33° C) on maximum isotonic lengthening rate, preload and late load were held constant and +dL/dt was examined at a common total load. When preload was increased from 0.7 ± 0.1 to 1.4 ± 0.1 g/mm 2 , muscle length increased from 0.98 ± 0.003 to 1.01 ± 0.002 muscle lengths, the extent of shortening increased from 0.05 ± 0.003 to 0.08 ± 0.003 muscle lengths, but minimum length (0.93 ± 0.01 muscle lengths) and + dL/dt (1.1 ± 0.1 muscle lengths/sec) were unchanged. When total load was increased from 1.5 to 4.5 g/mm 2 , minimum length increased from 0.91 ± 0.05 to 0.97 ± 0.05 muscle lengths and + dL/dt fell from 1.4 ± 0.1 to 0.5 ±0.1 muscle lengths/sec. Late load (the load borne by or applied to the muscle during isotonic lengthening) was altered by changing its magnitude (g/mm 2 ) or time (milliseconds after stimulation) of application. As late load was increased from 1.4 ± 0.02 to 2.1 ± 0.3 g/mm 2 , + dL/dt increased from 1.3 ± 0.2 to 2.1 ± 0.3 muscle lengths/sec. As the time of late load applications increased from 230 ± 9 to 289 ± 12 msec after stimulation, + dL/dt increased from 1.3 ± 0.2 to 2.5 ± 0.4 muscle lengths/ sec. At constant preload and late load and for a given value of total load and minimum length, + dL/dt was faster at a higher temperature (28 vs. 33° C) and with the addition of isoproterenol, 10~6 M. At a common total load (2.5 g/mm 2 ), +dL/dt rose from 1.6 ± 0.1 muscle lengths/sec at 28° C to 2.4 ± 0.2 muscle lengths/sec at 33° C and 2.05 ±0.1 muscle lengths/sec with isoproterenol. Thus, the load against which the muscle shortens (and/or the length to which it shortens), the magnitude of the late load, and the time at which the late load is applied are independent determinants of maximum isotonic lengthening rate. Under any constant set of loading conditions, both isoproterenol and increased temperature increase the maximum isotonic lengthening rate. (Circulation Research 1987;60:815-823)
of pharmacologic treatment on filling rate can be interpreted within the context of changes in these mechanical determinants. In the intact heart, it is difficult to create isolated changes in mechanical variables such as loading conditions. This is true because most interventions cause concomitant changes in LV volume, LV pressure, left atrial pressure, and heart rate, each of which may have an effect on filling rate. Using the isolated muscle preparation, where muscle length and load can be independently and precisely controlled, the effects of isolated changes in loading conditions on isotonic lengthening rate can be studied. In addition, data obtained using this method are not affected by neurohumoral and other factors that might influence relaxation in the intact heart. Accordingly, the purpose of the current study is to define the independent determinants of maximum isotonic lengthening rate using physiologically sequenced isolated papillary muscle preparations. We hypothesize that loading conditions, specifically preload, total load, and late load, are primary mechanical determinants of the maximum isotonic lengthening rate. Therefore, to evaluate the independent effects of interventions such as temperature and isoproterenol on cardiac relaxation, it is necessary to hold loading conditions constant or to interpret changes in maximum isotonic lengthening rate within the context of alterations in load.
Materials and Methods
Eighteen papillary muscles were rapidly dissected from the left ventricles of rats killed by decapitation and mounted vertically in a 100-ml Plexiglas chamber containing Krebs-Henseleit solution at 28° C, oxygenated with 95% O 2 and 5% CO 2 . The preparations were stimulated at a rate of 12/min by parallel platinum plate electrodes delivering 5 msec pulses at voltages 10% above threshold. The upper end of the muscle was held by a spring clip and connected by a length of 30-gauge stainless steel tubing to the lever arm of a low-inertia DC motor (General Scanning model G100PD, Watertown, Mass.) above the chamber; the lower end of the muscle was attached by a spring clip directly to a semiconductor strain gauge transducer (Kistler-Morse Corp., model DSC-3, Bellevue, Wash.) immersed in the bath. Either the force or the length of the preparation could be specified by means of an electronic servosystem controlled by a minicomputer. The precision of force and length settings was 20 mg and 5 fim, respectively. The system step response to a length step was 90% complete in 1 msec. Equipment compliance was less than 1 Aim/g. Muscles first were allowed to contract isotonically at a preload of approximately 0.5 g/mm 2 for 30 minutes. They then were stretched gradually to the peak of their length-tension curves ( L^) while contracting isometrically. Finally, the muscles equilibrated for 15 minutes at L^ while performing physiologically sequenced contractions with an afterload equal to 25% of peak developed tension.
Studies of isotonic relaxation were performed in physiologically sequenced contractions (isometric-isotonic relaxation sequence) in which the contractionrelaxation sequence of the intact heart is simulated. 13 As demonstrated in Figure 1 , a passive force (preload) was applied to the muscle in the resting state; the muscle was then stimulated and allowed to develop a specified amount of additional (active) tension, after which a force clamp was applied to prevent further tension development. The muscle was allowed to shorten at constant total load (passive plus active tension). When minimum length was reached, a length clamp was applied, tension was then allowed to decline to a predetermined value, a force clamp (late load) was applied, and the muscle was allowed to lengthen. Late load was defined as the load borne by or applied to the muscle during the period of isotonic lengthening.
Four protocols were used to study the effect of a change in preload (PL), total load (TL), late load (LL), temperature, or the addition of isoproterenol on maximum isotonic lengthening rate. During the preload, total-load, and late-load protocols, the temperature was 28° C. The preload and total-load protocols were performed in 6 papillary muscles. Six additional papillary muscles were used in the late-load protocol. Six more papillary muscles were used to study the effects of temperature and isoproterenol. Each protocol allowed only one variable to change while holding all others constant, thus isolating the independent effect of that mechanical variable on maximum isotonic lengthening rate. Before each of the 3 protocols, the muscle was allowed to equilibrate for 15 minutes while performing physiologically sequenced contractions with an afterload equal to 25% of peak active (or developed) tension. During each protocol, the first contraction after the change in loading conditions was recorded. At least 2 minutes passed between load changes for a given protocol; each protocol was completed in approximately 8-12 minutes.
Preload
Six papillary muscles were studied at 5 levels of preload, each level measured as a percentage of the rest force at L^: 115, 100, 85, 70, and 55%. During each of a series of physiologically sequenced contractions, total load and late load were held constant; total load was equal to the rest force at L^ plus 50% of the 
Total Load
This protocol was designed to examine the effect of TL and/or minimum length on maximum isotonic lengthening rate ( + dL/dt). In 6 papillary muscles, a series of contractions at constant preload and varying afterload were recorded at total loads ranging from that equal to the preload (isotonic) to a maximum value that produced an isometric contraction, with step size selected to obtain an average of 5 or 6 steps per series. Both preload and late load were held constant throughout this protocol, each equal to 100% of the rest force at L™.
Values of force at L^ differ somewhat for each muscle; thus, to present statistical data from 6 experiments, ( + )dL/dt at common values of total load were obtained for each experiment. This was done by using a least-squares linear regression analysis to calculate the equation for a line describing the ( + )dL/dt vs. TL and ( + )dL/dt vs. minimum length relations for each preparation. l6 Then 5 common values of TL (1.5, 2.5, 3.5, 4.5, and 5.5 g/mm 2 ) and minimum length (0.91, 0.935, 0.945, 0.97, and 0.985 muscle lengths) were inserted into these equations and solved for (-I-)dL/dt.
Late Load
The effects of changes in late load were studied in 2 ways in 6 papillary muscles. In Protocol A, we allowed the magnitude of LL (g/mm 2 ) and the time (T, milliseconds after stimulation) during isometric relaxation when LL was applied to vary simultaneously; in Protocol B, we allowed LL to vary while keeping T constant, or allowed T to vary, keeping LL constant.
In Protocol A, constant values of preload (50% of rest force at L^) and total load (rest force plus 50% of peak developed force) were maintained for each contraction. Late load was increased in stepwise increments of 10% from a value equal to 50% of rest force at L,^ to 120% of rest force at L^. For each step during isometric force decline, a load clamp was applied at the desired level of late load and lengthening was allowed to proceed. As the magnitude of LL was increased, isometric force decline was interrupted at a progressively earlier time during isometric relaxation. Thus, with this protocol, the effects of the magnitude of LL and the time (during isometric tension decline) that LL was applied could not be separated.
Protocol B was used to separate the effects of time from the magnitude of late load on isotonic lengthening rate. During a physiologically sequenced contraction, the total time necessary for tension to fall from its value during isotonic shortening (total load) to rest tension (preload) was measured. This time interval was called isometric relaxation time (RT). During Protocol B, late load was applied when tension had declined for a time period equal to either 25, 50, or 75% of the total relaxation time period. A series of force clamps at progressively larger late loads were then applied, thus raising the level of late load borne by the muscle during isotonic lengthening. In this manner, the magnitude of late load was changed at a constant point in time ( Figure 6 ). Alternately, the time of LL application was varied while the magnitude of late load was held constant (Figure 7 ).
Temperature and Isoproterenol
Six papillary muscles were studied at 2 temperatures, 28 and 33° C, and with the addition of isoproterenol, 10~6 M. A protocol identical to the total-load protocol (described above) was performed at 28° C. Then the temperature was raised to 33° C, the muscle allowed to equilibrate for 15 minutes, and the totalload protocol performed. Finally, the temperature was reduced to 28° C, isoproterenol was added to the bath to bring its concentration to 10" 6 M, the muscle was allowed to equilibrate, and the total-load protocol performed. During each of these 3 protocols (28° C, 33°C
, and isoproterenol), both preload and late load were held constant, each equal to 100% rest force at L,,^. Since the passive length-tension relation is not significantly altered by temperature or isoproterenol, the value of 100% rest force at L^ was the same in each of the 3 protocols. Maximum isotonic lengthening rate was plotted against total load and minimum length for each of the 3 interventions, using the same method as the total-load protocol. The effects of temperature and isoproterenol on the slope of ( + )dL/dt vs. total load and ( + )dL/dt vs. minimum length relation was examined and compared using an analysis of covariance.
Contractions were stored in a NOVA 2 minicomputer (Data General Corp.), and data were plotted using a Hewlett Packard 7004B x-y plotter. Rates of force decline ( -dF/dt) and lengthening velocity ( + dL/dt) were determined by automatic analysis using a digital convolution algorithm. 17 Length was expressed as a percent of the rest length at L^,, and muscle load was expressed per cross-sectional area of muscle (g/mm 2 ). Maximum isotonic lengthening velocity was normalized for muscle length and expressed as muscle lengths per second.
Following completion of the protocol, muscles were removed from the spring clips, blotted, and weighed. Cross-sectional areas were calculated by assuming cylindrical uniformity and a density of 1.00 g/cm 3 . Mean cross-sectional area of the papillary muscles used in this study was 1.44 ± 0.13 mm 2 , which was somewhat larger than muscles used in previous studies (1.1 ± 0 . 2 mm 2 ). 16 We have shown that there was no evidence of a hypoxic core in muscles as large as 1.8 mm 2 when studied at 28° C with a pO 2 of 600 mm Hg in the muscle bath and stimulated 12 times/min. 18 The muscle preparations in this study were quite stable over the 2-3 hours required to complete the experimental protocols, showing no change in active tension from beginning to end of the experiment (4.4 ± 0.28 vs. 4.4 ±0.29 g/mm 2 , p = NS).
Data were expressed as the mean ± one standard error of the mean. Differences in ( + )dL/dt caused by sequential changes in load were analyzed using a oneway analysis of variance and Dunnett's test. Differ-
Effects of isolated increase in preload on maximum isotonic lengthening rate. On left, as preload was increased (labelled I to 5) , muscle length at rest increased (from 1 to 5). Neither isometric nor isotonic relaxation rates were affected by these changes in preload, as shown by superimposition of force and length tracings. On right, results of preload experiments carried out in 6 papillary muscle preparations are graphically summarized: when preload was increased from 0.65-1.37 g/mm 2 , maximum isotonic lengthening rate was unchanged.
ences were considered significant if p<0.05. Comparison of slopes and intercepts was performed using an analysis of covariance. All statistical tests were performed using the PROPHET system (a national computer resource sponsored by the Division of Research Resources, National Institutes of Health Grant RR-01032).
Results

Preload
As shown in Figure 2 , maximum isotonic lengthening rate was not affected by an isolated change in preload or the extent of shortening. Throughout this protocol, total load (2.63 ± 0.1 g/mm 2 ) and late load (0.65 ± 0.05 g/mm 2 ) were held constant. When preload was increased from 0.65 ± 0.05 to 1.37 ± 0.11 g/mm 2 , initial muscle length increased from 0.98 ±0.003 to 1.01 ±0.002 muscle lengths, and peak isotonic lengthening rate remained unchanged (1.1 ± 0 . 1 2 vs. 1.1 ± 0 . 1 0 muscle lengths/sec [p = NS]). As preload was increased, initial muscle length increased; however, minimum length was unchanged (0.93 ±0.01 muscle lengths). Thus, with each increase in preload there was a simultaneous increase in the extent of muscle shortening ([initial length minus minimum length], 0.05 ±0.003 to 0.08 ± 0.003 muscle lengths, p < 0.05), but no change in the peak isotonic lengthening rate.
Total Load
Figures 3 and 4 demonstrate that an inverse relationship existed between total load or minimum length and isotonic lengthening rate. Preload and late load were held constant at 100% of rest force at L,,,,, = 1.25 ± 0.08 g/mm 2 . As total load was increased from 1.5 to 5.5 g/mm 2 or minimum length increased from 0.91 to 0.985 muscle lengths/sec, peak isotonic lengthening rate fell from 1.4 ± 0.11 to 0.28 ± 0.08 muscle lengths/sec. Figure 5 demonstrates the effects on isotonic lengthening rate produced by simultaneous changes in the magnitude and the time of application of late load steps. Isotonic lengthening rate showed a biphasic response to the sequential increases in late load produced in this fashion. When late load was increased from 0.6 ± 0 . 0 4 to 0.96 ± 0 . 0 7 g/mm 2 , peak isotonic lengthening rate increased from 1.56 ± 0.11 to 1.68 ± 0.11 muscle lengths/sec (p<0.05). However, with further increases in late load from 1.08 ± 0.07 to 1.37 ±0.11 g/mm 2 , peak isotonic lengthening rate decreased from 1.64 ± 0 . 1 2 to 1.54 ±0.11 muscle lengths/sec (/?<0.05). Figure 6 shows the effect of an isolated change in the magnitude of LL, applied at 3 times during isometric relaxation. With the time of LL application held constant at 230 msec (i.e., Protocol A), an increase in the magnitude of LL from 1.37 ± 0 . 1 7 to 2.07 ± 0 . 2 7 g/mm 2 resulted in a rise in peak isotonic lengthening SHORTENING (mm) TENSION (gm) .8 TIME (sec) FIGURE 3. Example of effects of increase in total load on isotonic lengthening rate. As muscle develops greater values of tension (labelled 1 to 4), minimum length increases and maximum isotonic lengthening rate slows (from I to 4). rate from 1.33 ± 0.17 to 2.01 ± 0.24 muscle lengths/ sec (p<0.05). The slope of the curvilinear relationship between peak isotonic lengthening rate and LL became steeper when LL was imposed later. When the magnitude of LL was held constant at 1.46 ± 0.1 g/mm 2 but the time of application of this load was moved to progressively later times during the isometric relaxation period (from 230 ± 9.4 to 289 ± 12.7 msec; i.e., Protocol B), peak isotonic lengthening rate increased from 1.27 ± 0 . 1 7 to 2.52 ± 0.45 muscle lengths/sec (p<0.05) (Figure 7) . Thus, for any given change in the magnitude of late load, the change in isotonic lengthening rate was greater as the load was applied later in the course of isometric tension decline. Figure 8 demonstrates that the inverse relation between ( + )dL/dt vs. TL and ( + )dL/dt vs. minimum length was maintained when temperature was increased to 33° C and when isoproterenol 10" 6 M was added. Preload and late load were held constant throughout this entire protocol at 100% of the rest force at L,^ = 1.30 ± 0.05 g/mm 2 . Over a wide range of TL or minimum length, ( + )dL/dt was increased at 33° C and with isoproterenol. For example, at minimum length = 0.91 muscle lengths, ( + )dL/dt rose from 1.46 ± 0.1 muscle lengths/sec at 28° C to 2.60 ± 0.1 muscle lengths/sec at 33° C and 1.87 ± 0.1 muscle lengths/sec with isoproterenol. The inverse relation between ( + )dL/dt and TL or minimum length was approximated by a linear analysis (least squares best fit). The slope of the ( + )dL/dt vs. total load relation increased from 0.45 ± 0.03 at 28° C to 0.52 ± 0 . 0 3 with isoproterenol (/?<0.05) and 0.69 ±0.07 with 33° C (p<0.05). The K-intercept also rose from 2.77 ± 0 . 1 at 28°C to 3.36 ± 0.1 with isoproterenol (p<0.05) and 4.13 ± 0 . 3 with 33° C (/?<0.05). The slope of the ( + )dL/dt vs. minimum length relation increased from 16.3 ± 0.9 at 28°C to 19.7 ± 0 . 6 with isoproterenol (p<0.05) and to 28.9 ± 1.2 with 33°C (p<0.05). The /-intercept also rose from 16.3 ± 0.8 at 28° C to 19.8 ± 0.6 with isoproterenol (p<0.05) and to 28.9 ± 1.1 with 33° C (p<0.05).
Late Load
Temperature and Isoproterenol
Discussion
The purpose of this study was to define the mechanical determinants of isotonic lengthening rate, using a method that simulates the contraction-relaxation sequence of the intact heart. In contrast to the intact heart, this method allows control of each aspect of muscle load and length in an independent and precise fashion. The data indicate that alterations in preload (the passive force applied to the muscle in the resting FIGURE 5. Effects of change in late load on maximum isotonic lengthening rate. As shown on left, load clamp was applied during isometric relaxation period and lengthening was allowed to proceed. As magnitude of late load was increased (labelled 1 to 4), isometric force decline was interrupted at progressively earlier times during isometric relaxation. On right fn = 6), when late load was increased from 0.6 to 0.9 g/mm 2 (labelled I to 2), maximum isotonic lengthening rate became more rapid. Change was significant at p<0.05, indicated by * (one-way analysis of variance). However, with further increases in late load from 1.1 to 1.4 g/mm 2 (labelled 3 to 4), maximum isotonic lengthening rate fell. Thus, maximum isotonic lengthening rate showed a biphasic response to sequential increases in late load produced in this fashion. state) did not affect the rate of isotonic lengthening. However, 3 independent mechanical determinants of the maximum rate of isotonic lengthening were identified: 1) the tension against which the muscle shortens (total load) and/or the length to which the muscle shortens (minimum length), 2) the magnitude of the load borne by or applied to the muscle during isotonic lengthening (late load), and 3) the time during isometric relaxation when late load is applied. In addition, independent of changes in loading conditions, increased temperature and the addition of isoproterenol increased the maximum rate of isotonic lengthening. In this study, we found that with total load and late load held constant, changes in preload (and associated changes in the extent of shortening) did not affect the maximum rate of isotonic lengthening. These findings agree with those of Strobeck et al, 19 who studied afterloaded isotonic contractions and found that changes in preload did not affect maximum isotonic lengthening rate. In the study of Strobeck et al" and the present investigation, an isolated change in preload did not alter the minimum length reached by the muscle. Thus, as preload (rest force) was increased, initial or resting length (length from which the muscle began to short-en) and total muscle shortening (initial length minus minimum length) both increased. Since neither changes in preload nor associated changes in the extent of shortening (initial length minus minimum length) resulted in a change in isotonic lengthening rate, these factors cannot be considered independent mechanical determinants of maximum isotonic lengthening rate.
It is interesting to extrapolate these observations to the intact heart and attempt to improve our understanding of the effect of changes in preload (end-diastolic pressure, volume, or stress) on peak diastolic filling rate. Bahler et al 20 and Colan et al 21 have suggested that peak filling rate is modulated by changes in preload; however, in the intact heart, manipulations that were used to examine the effect of preload (such as volume loading or vena-caval occlusion) not only changed end diastolic pressure and volume, but also LV systolic pressure and volume and, importantly, left atrial pressure. As they apply to the intact heart, data from the current study indicate that end-diastolic stress (pressure or volume) is not a determinant of peak filling rate. It is likely, therefore, that the changes in filling rate produced by volume loading or vena-caval occlusion resulted from other factors such as changes in late (labelled 1 to 3) , after which a load clamp was applied raising force to a constant value of late load. As load was applied later in time, isotonic lengthening rate became more rapid. On right (n = 6), with magnitude of late load held constant at 1.5 glmm 2 , maximum isotonic lengthening rate rose as late load was applied progressively later during the period of isometric force decline. * indicates that ( + }dUdt was significantly increased compared to preceeding value at p<0.05 level. 
FIGURE 7. Effects of changes in time of late load application during isometric force decline on maximum isotonic lengthening rate. On left, isometric force was allowed to decline for progressively longer period of time
FIGURE 8. Effects of temperature and isoproterenol on relation between maximum isotonic lengthening rate and total load or minimum length. Data obtained at 28° C are represented by closed circles, 33° C by closed triangles and isoproterenol data by closed squares. The slope and y-intercept of the inverse relation between (+ }dUdt and total load or minimum length
were significantly increased by 33° C and isoproterenol. Thus, over wide range of load (left) or length (right), isotonic lengthening rate increased with temperature and isoproterenol. load (left atrial pressure at the time of mitral-valve opening) or afterload (systolic pressure or end-systolic volume).
The finding of an inverse relation between total load (or minimum length) and maximum isotonic lengthening rate is in agreement with observations of Goethals et al, 22 using cat right-ventricular papillary muscles, and Wiegner et al,' 6 using rat LV trabecular muscles. Cailett et al 23 in intact dogs and Tamiya et al 24 in isolated blood-perfused canine papillary muscles observed a similar inverse relationship between the extent of shortening and maximum isotonic relaxation rate; they postulated that the extent of shortening is a primary determinant of isotonic lengthening rate. Our data and those of Strobeck et al 19 demonstrate that when preload is held constant, an increase in total load produces a decrease in the extent of shortening that is proportional to the increase in minimum length; this results in a slowed maximum isotonic lengthening rate. When the extent of shortening is altered without changing the minimum length (by changing preload only), there is no change in the rate of isotonic lengthening. Thus, these data suggest that the inverse relation between the extent of shortening and maximum isotonic lengthening rate observed by Tamiya et al 24 and Cailett et al 23 is in fact a result of the inverse relation between total load (or minimum length) and maximum isotonic lengthening rate. We conclude that total load and/or minimum length is a primary determinant of maximum isotonic relaxation rate. These data from isolated muscle studies are consonant with those from open-chest dog studies where the effects of an isolated increase in afterload on indices of LV peak filling rate have been studied. Zile et al 23 and Bahler et al 26 have demonstrated an inverse relation between peak LV systolic pressure or end-systolic minor axis dimension and the peak rate of increase in minor axis dimension. This peak filling rate-afterload relation closely parallels the peak isotonic lengthening rate vs. total load or minimum length relation in isolated muscles which this study has shown to be linear over a wide range of afterloads.
Studies that have examined the effect of a subacute or chronic rise in afterload in the intact heart (by means of methoxamine or phenylephrine infusion) have shown inconsistent effects on peak filling rate. For example, using methoxamine, Slutsky et al 27 demonstrated that an increase in LV systolic pressure results in a reduction of peak filling rate, while Colan et al 21 found no change in peak filling rate. Both authors recognized that methoxamine's effect on left atrial pressure may have influenced the results of their studies, but they were unable to evaluate the independent effects of these different factors. The current study clearly delineates the contribution of both afterload and late load on peak filling rate.
Slowed peak filling rates have been found in patients with mild (or borderline) hypertension (with blood pressure ranging from 140/90 to 150/100 mm Hg) and no evidence of significant LV hypertrophy. 6713 In these patients, it was postulated that reduced peak filling rates were a consequence of chronically increased afterload (increased systolic pressure without compensatory LV hypertrophy). 28 Such a hypothesis is supported by the total load data presented in the current study. In contrast, when LV hypertrophy develops in patients with hypertension and LV wall stress is normalized by hypertrophy, peak filling rate might be expected to return to normal. However, prolonged relaxation rates have also been documented in patients with hypertensive heart disease in whom marked LV hypertrophy has occurred. 28 In addition, persistently reduced peak filling rates have been seen in patients in whom blood pressure has been normalized by pharmacologic agents but LV hypertrophy has not regressed." ' 3 In these cases (where afterload is normal/or near normal and LV hypertrophy is pronounced), peak filling rate may be slowed because of reduced LV wall stress at the time of mitral valve opening (which corresponds to a reduction of late load in the current study). In addition, peak filling rate may also be reduced by the effect of the hypertrophic process on intrinsic myocardial performance. For example, prolonged mechanical activity has been demonstrated in isolated muscle studies of pressure overload hypertrophy. 2930 Heterogeneity of contraction may also prolong systolic activity, slow relaxation, and reduce peak filling rate.
Goethals et al 22 demonstrated that maximum isotonic lengthening rate increased when a small external load (late load) was placed on the muscle during isotonic lengthening. In that study, the magnitude of the late load was equal to or less than the preload. While Goethals' study modeled the normal intact heart where LV pressure at mitral valve opening is always less than that at end diastole, late load values may be increased in pathologic conditions (such as in mitral regurgita-tion) where LV pressure at the instant of mitral valve opening exceeds that at end diastole. Thus, the current study extends observations of Goethals et al 22 and demonstrates that application of a late load produces a biphasic response with maximum isotonic lengthening rate, first increasing then decreasing with progressively larger values of late load. We found that this biphasic response resulted from the interaction of two factors: 1) the absolute magnitude of late load and 2) the level of muscle deactivation, which is a function of the time when the late load was applied. At any given time, maximum isotonic lengthening rate increased as the magnitude of the late load increased. Conversely, at a constant magnitude of late load, maximum isotonic lengthening rate increased as the late load was applied progressively later in the course of isometric force decline (when the muscle was less active).
The current studies in isolated muscles suggest that in the intact heart, loading conditions during early diastolic filling modulate the rate of LV filling. The magnitude of late load in the isolated muscle correlates with LV stress at mitral valve opening and/or the left atrial/left ventricular pressure gradient at the time of mitral valve opening in the intact heart. The time of application of late load in the isolated muscle correlates with the time of mitral valve opening in the intact heart. From his isolated muscle studies, Brutsaert et al 31 also suggested that LV stress at mitral valve opening is a determinant of peak filling rate; Ishida et al 32 have also demonstrated that the left atrial/left ventricular transmitral pressure gradient influences transmitral flow rate. These concepts can be applied to clinical pathologic conditions such as mitral regurgitation, where chronic volume overload results in LV dilitation and increased LV diastolic pressures. This in turn results in increased LV stress at mitral valve opening and an increased left atrial/left ventricular pressure gradient that would be expected to increase the peak rate of filling. In contrast, a marked elevation of left atrial pressure at mitral valve opening (as might occur in acute mitral regurgitation) would cause the mitral valve to open earlier, at a time when LV pressure decline is incomplete and the active state of the myocardium is higher. If not countered by increased wall stress and pressure gradient, this condition would be expected to reduce the rate of LV filling. Progressive increases in left atrial pressure might therefore produce a biphasic response in peak filling rate similar to the isolated muscle data shown in Figure 5 . These factors must be considered in order to provide an integrated view of the mechanisms by which loading conditions influence peak left ventricular filling rate.
The basic underlying mechanisms responsible for the relation between load, length, and maximum isotonic lengthening rate are not clearly understood. It has been suggested that the process of muscle shortening produces restoring forces that act to return the muscle to its rest length. 3133 " 35 Anatomically, restoring forces have been ascribed to resistance to the overlapping of thin filaments and compression of thick filaments, sarcolemma, and surrounding connective tissue. 3 * These forces are most prominent at muscle lengths below slack length, and while there is some disagreement, Jewell 3 * estimated slack length to be less than 85% of the muscle length at L^. The end-systolic lengths in our total load experiments were all greater than 85% L,,^. Findings of the present study are therefore in agreement with the suggestion of Brutsaert et al 31 that (in physiologically afterloaded isolated muscle contractions) restoring forces do not significantly affect maximum isotonic lengthening rate. On the other hand, it is well recognized that muscle shortening accelerates the decay of mechanical activity. 37 " 39 Thus, as shorter muscle lengths are reached, deactivation is accelerated and may represent the basis for the minimum length vs. maximum isotonic lengthening rate relation observed in this and previous studies. 16 -22 If a muscle were completely unloaded at any time during isometric force decline, it would shorten. The intensity of this residual muscle activity, which provides some potential to bear a load, falls progressively with time. The rate of isotonic lengthening is the result of the interaction between the magnitude of the external load placed on the muscle and the load-bearing capacity of the muscle at each point in time. For a given load-bearing potential, an increase in the external load (late load) results in an increase in isotonic lengthening rate. Conversely, the application of an external load later in time during isometric force decline, when the muscle's load-bearing capacity has decreased, results in an increase in the isotonic lengthening rate. Thus, at any given minimum length, maximum isotonic relaxation rate is determined by the interaction of the time-vary ing level of persisting activity (which resists lengthening and declines with time) and the magnitude of the external load.
While isoproterenol and increased temperature are known to speed myocardial relaxation, these interventions also change the relation between total load and minimum length such that there is more shortening and a smaller minimum length at any given total load. The current studies have shown that a decrease in minimum length itself will increase isotonic lengthening rate (Figure 4) . Thus, the challenge was to separate the effect of isoproterenol (and temperature) on load or length from its effect on intrinsic relaxation. The isolated muscle model allowed preload and late load to be held constant while the relation between peak isotonic lengthening rate vs. total load or minimum length could be examined over a wide range of total loads for each experimental condition. The current study indicates that peak isotonic lengthening rate is increased by an intervention (such as isoproterenol or temperature), with a direct effect on intrinsic relaxation, independent of changes in loading conditions.
In summary, these studies demonstrate that the load borne by the muscle/or the extent to which the muscle shortens, the magnitude of late load, and time of lateload application are independent mechanical determinants of myocardial lengthening rate. Recognizing that total load and late load influenced isotonic lengthening rate in these isolated muscle studies, investigators ex-amining data from clinical studies of left ventricular relaxation should interpret changes in LV filling rate in the context of changes in these loading conditions. This approach should also prove of value in assessment of the effects of pharmacologic agents and pathologic states on the cardiac relaxing system.
